. The experimental set up for gas analysis by micro discharge In our experiment, FTIR and 10 m gas cell are used to identify the final byproduct of treating NOx with hydrocarbons (C3H8: propane) to simulate exhaust gas. The FTIR spectrum is shown in Fig. 3 .
Decrease of NO and propane are confirmed. On the other hand, both carbon monoxide and carbon dioxide are increased as byproducts in this experimental condition. Also nitrous oxide is recognized as a byproduct.
Followings are the conclusions from the series of experiments.
( 1 ) Micro discharges with very narrow gaps can be efficient to generate ozone.
( 2 ) Narrow discharge gaps do not require more than 1.5 kV, which is relatively low compared to other discharge methods, such as corona discharge.
( 3 ) Removal of NOx can be done by micro discharge, and its byproducts are found to be CO, CO 2 and N 2 O.
Introduction
Discharge in atmospheric pressure gives various applications in science field, engineering filed, industry, and etc. Nonthermal Plasma is one of the applications of high voltage discharges in atmospheric pressure and it could be used to decompose air pollutants (1) - (6) or gas synthesis or gas conversion (7) - (9) . Recently, Tachibana et al. have shown coaxialhollow micro dielectric-barrier-discharges (CM-DBD) to generate micro discharge, which does not have the discharge gap between the electrodes in small hollow region (10) . The CM-DBD has a uniform discharge throughout the pressure range less than 2 kV.
We have developed a micro discharge electrode, called micro plasma filter, which has a spacer to control the discharge gap for treatment of gaseous pollutants (11) . The micro plasma filter has a different electrode geometry compared to CM-DBD and its spacer to control discharge voltage. A spacer can not only control discharge voltage but also obtain an optimal condition for air pollution control.
We have applied micro discharges to treat gaseous pollutants to meet the current authority regulations of exhaust gas (NOx, CO, HC) by mobile sources such as cars and motorcycles. Theses regulations have become severe year by year in the whole world.
In this paper, removal characteristics of NOx simulated gas and analysis of byproducts after micro discharges' treatments are mainly presented besides electric characteristics of micro discharge such as discharge voltages, currents and power.
About Micro Discharge
The product of the gap distance between electrodes and the pressure of the gas gives relation to the sparking voltage known as Paschen's law.
In an atmospheric pressure, very narrow discharge gaps (12) shows the minimum sparking voltage and discharge gap for various gases.
When the discharge gap is set to less than 10 µm, with a discharge voltage of less than 1 kV, high electrical field (10 7 ∼ 10 8 V/m) can be easily obtained. High energy electrons and active species are generated in such micro discharges, which is activated by high electrical field.
Ozone is one of the important species and plays a role in plasma reaction in gas phase. Micro discharge electrodes could be used as an ozonizer when oxygen is used as processing gas. When electric field is such high, this electrode has a potential advantage to produce high ozone density by reducing the population density of low energy electrons (1-2 eV), which cause ozone dissociation (13) (14) .
Experimental Setup

Electrode System
A pair of perforated metal plates covered with dielectric materials are used as a micro discharge electrode.
These metal electrodes are placed face to face with discharge gaps of 0 to 100 µm by inserting a spacer between the electrodes. An alternating voltage, which has a frequency of 25 kHz, is applied to these electrodes to generate nonthermal micro plasma. Since the discharge gap is smaller than that of other silent discharges (15) (16) , nonthermal plasma is occurred and high energy electrons, active species are generated below 1 kV. Very tense streamers are observed at the edge of each hole and surface of the dielectric barrier.
In the experiment, size of the electrode is set at 200 mm × 60 mm. Thickness of the electrode is 0.8 mm and its aperture ratio is about 17%. Pressure loss is less than 33 mm H 2 O at gas flow of 8.5 L/min. Example of a micro discharge electrode is shown in Fig. 1 . Basically, number of electrodes used in the experiment is one (number of electrode is increased in some experiments to estimate discharge power.).
Power Source for Micro Discharges
We have carried out various experiments of micro discharges by using a self-made high voltage circuit shown in Fig. 2 to estimate characteristics of micro discharges, in addition to the removal quantity of pollutant gas and generated ozone concentration. The circuit is similar to that of neon lightning.
Although, micro discharges do not require high voltage, high electrical field can be easily obtained within 1 kV, since the discharge gap is narrow. Frequency of output voltage is fixed to 25 kHz. The maximum output voltage is not high compared to other discharges for removing pollutant gas or ozone generation.
Therefore, initial cost for micro discharges are relatively low because the popular transformer for neon lighting can be used as a power source. The characteristics of discharge voltages, currents and power are presented in the following section.
Gas Analyzing System
Generated ozone and NOx concentration by micro discharges are determined by ozone monitor (Ebara, EG-2001B) based on ultraviolet Byproducts, generated by the decomposition of NOx, are analyzed by GC-MS (HP, 5890 Series II), and FTIR (Shimadzu, IR Prestige-21) with 10 m gas cell (Infrared analysis, 10-PA).
An experimental set up is shown in Fig. 3 . Fig. 4 shows an example waveform. Discharge voltages are measured by a high voltage probe (Tektronix, P6015) and discharge currents are measured by an AC current transformer (Tektronix, P6021). Fig. 4(a) shows that of applied voltages, Fig. 4(b) shows that of discharge currents (discharge gap: 10 µm and 100 µm, discharge voltage: 1.3 kV). Spike currenrs, which could be occurred by streamed convoluted on the charged current. Fig. 4(b) shows both discharge currents of discharge gaps at 10 µm and 100 µm, of discharge voltage 1.3 kV. The value of discharge current at discharge gap of 100 µm is higher than that of 10 µm and the value of a displacement current at discharge gap of 100 µm is lower than that of 10 µm. Note that these waveforms of pulsatile current are not measured at the same phase of voltage.
Characteristics of Micro Discharge
Waveform
The self-made circuit shown in Fig. 2 can control discharge currents by changing the output capacitance: Co (C1, C2, C3, C4, 470 pF each). These capacitance values are selected to discharge the electrodes with the experimental conditions, such as, area of discharge electrode, discharge gap, gas flow, etc.
The discharge power is measured by using a digital oscilloscope (Tektronix, TDS2014) and are calculated by a personal computer from obtained Lissajous figures. Fig. 5 shows an example of the Lissajous figure which estimate discharge power. This figure is obtained by measuring the capacitance charge of Cp (= 10 nF), which connected to between the electrode and ground. Fig. 6(a) shows characteristics of discharge voltages and discharge currents of a micro discharge in air. In this experiment, an output capacitance: Co of the self-made circuit is set at 1880 pF. Discharge gap of 0 µm stands for no spacer is attached between micro discharge electrodes.
Electric Characteristics of Micro Discharges
Without any spacer, micro discharge could be generated on each surface of electrode, especially at the circumference of the edge of each hole (10) . Discharge form of by micro discharge electrode could be combination of surface discharge and barrier discharge. Discharge currents almost linearly increase with discharge voltages for each discharge gap. This result suggests that discharge gaps greater than 100 µm needs a discharge voltage higher than 1.2 kV. On the other hand, discharge gaps of 10 µm or less requires only 800 V to 1300 V. Fig. 6(b) shows discharge current and discharge voltage dependence on output capacitance: Co at a discharge gap of 10 µm. The value of discharge current in Fig. 6 used the peak value of Fig. 4(b) .
From these results, discharge currents can be also controlled by an output capacitance: Co as well as discharge gaps. The maximum discharge current is limited by Co. Discharge current increases with Co and discharge voltage. Next session gives the effects of Co, which is estimated to remove gaseous pollutants. Fig. 7 shows characteristics of discharge voltages and discharge power of a micro discharge. The discharge power is measured at various discharge gaps. Output capacitance: Co of the self-made circuit is fixed at 1880 pF. It has a similar curve to that of Fig. 6(a) . In the case of a gap of less than 10 µm, the discharge power increases rapidly with discharge voltages and about 60 W is obtained at a discharge voltage of 1.2 kV.
For example, discharge current of 10 µm is lower than that of 100 µm at discharge voltage of 1.3 kV (Fig. 6(a) ). Discharge power of 10 µm is higher than that of 100 µm. Discharge currents and plotted using peak value of spikes, and
12 2007 a displacement of 10 µm are higher than that of 100 µm as shown Fig. 4(b) . This phenomenon affects to discharge power plotted in Fig. 7 . A discharge power of 50 W is obtained with almost the same discharge voltage at a gap of 100 µm and the reduced electric field is about 500 Td. It is lower than that of a gap of 10 µm (about 5000 Td). Streamer density could be different at the discharge gap of 10 µm and 100 µm. This phenomenon is assumed to cause the diminishment of discharge power at discharge gap of 100 µm.
Gas Removal Experiment
Ozone Generation in Air
Ozone is one of the strongest oxidizing agents and plays an important role in plasma gaseous reaction (17) . Other active species such as O, N and OH radicals are also playing a key role to control pollutants in air. Ozone concentration is measured to estimate micro discharges for treating exhaust gases. Fig. 8 shows characteristics of ozone generation by micro discharges in air. Ozone concentration is measured 5 miniutes after the discharge when its concentration is stabilized. The gas flow rate is set at 8.5 L/min by an air pump and a silica-packed bed to supply dry air in the experiment. Output capacitance: Co is fixed at 1880 pF.
The generation of ozone has certain peaks at each discharge gap. For example, about 40 ppm of ozone is obtained with a discharge voltage of 1 kV at a discharge gap of 10 µm. Without any spacer (discharge gap of 0 µm in Fig. 8 ), about 48 ppm of ozone is obtained with about 1.1 kV. These peaks of ozone generations are obtained with discharge power of around 30 W. On the contrary, ozone concentration is decreased to 22 ppm with 1.3 kV in the case of a gap of 100 µm. This corresponds to a discharge power of about 60 W, almost half value of the gap distance of 10 µm or 0 µm. Lower ozone concentration and power dissipation are considered for the following reasons.
( 1 ) Efficiency of discharge is higher at a discharge gap of less than 10 µm close to the Paschen minimum than that of 100 µm at atmospheric pressure in air.
( 2 ) Discharge current where generated ozone has a peak value with a discharge gap of 100 µm is much higher than that of 10 µm. The considerable discharge current cause heat of formation. Surface temperature of micro discharge electrode is confirmed by using a thermo graph camera (NIP-PON AVIONICS CO, TVS-200). For example, when discharge gap is 10 µm and discharge power is 60 W, the surface temperature of the electrode is about 60 degrees. When the gap is 100 µm at 60 W, it is about 105 degrees. Generation efficiency of ozone could be lowered by increase of electrode temparature, also.
( 3 ) The population density of low energy electrons (1-2 eV) which cause ozone dissociation are decreased (14) at higher reduced electric field which realized by the discharge gap of 10 µm or less.
These characteristics of discharge voltages and discharge gaps are important to decompose gaseous pollutants, which are contained in exhaust gas as well as indoor air. We have concentrated on gas removal experiments with discharge gaps of 10 µm expecting an improvement of discharge efficiency.
NOx Removal Experiment
Treatment of air pollutants is one of the important issues regarding global environmental protection. In this paper, NOx which is contained in the exhaust gas is the target to control for one example. NOx is defined as the sum of NO and NO 2 .
The discharge gap is fixed to 10 µm and initial conditions of the experiments are as flows. Gas composition: NO 100 ppm, O 2 5%, N 2 balance Gas flow rate: 5 L/min Fig. 9 shows the change of NOx concentration and generated ozone concentration by a micro discharge at a discharge gap of 10 µm.
Discharges could not be observed at below 0.9 kV with an output capacitance: Co of the self-made circuit of 1880 pF. Without any discharge, NO could not be observed to become NO 2 by oxidization. Increase of surplus ozone which is not reacted to NOx is observed with discharge voltage until about 1.1 kV. After this level of discharge, diminishment of ozone concentration is observed. Decrease of ozone is caused by thermal decomposition, direct dissociation by electrons and chemically reacted with other active species (17) . On the contrary, micro discharges occurred below 0.8 kV to about 1 kV and started removing NO, NOx with output capacitance: Co of 940 pF. Discharge voltages are regulated by input voltages (60-100 V).
Output capacitance: Co could regulate discharge voltage. Plasma chemical reactions, such as NOx removal or ozone generation, could be controlled as well as discharge current. In order to increase the efficiency of micro discharges and gaseous chemical reactions, suitable electric parameters should be selected including output capacitances, discharge gaps and discharge voltage.
Byproduct Analysis
Byproducts could be found after treatment of micro discharges, especially gas phase reactions in air or exhaust gas containing various pollutants such as hydrocarbons, which generate hazardous pollutants again. In the case of treating NOx with ethylene and oxygen as a simulated gas, acetaldehydes and acetic acids are found as byproducts after plasma treatment (18) . Methanol is a byproduct material as a result of conversion of methane (7) (19) . In our experiment, FTIR and 10 m gas cell are used to identify the final byproduct of treating NOx with hydrocarbons (C 3 H 8 : propane) to simulate exhaust gas.
Decrease of NO and propane are confirmed. Both carbon monoxide and carbon dioxide are increased as byproducts of micro discharge in this experimental condition. Also nitrous oxide is recognized as a byproduct.
Conclusions
Micro discharges in atmospheric pressure are successfully demonstrated with electrodes, which have a dielectric barrier and a micro gap spacer. In this paper various electric characteristics are experimentally investigated such as discharge voltages and discharge currents. It is also shown that micro discharges have a potential to remove or treat gaseous pollutants such as NOx by measuring the concentration of each gas compositions and byproduct analysis.
Followings are the conclusions for as a series of experiments.
( 1 ) Discharge voltages are lower when discharge gaps are set at less than 100 µm, than that of usual corona or atmospheric glow discharges, which have discharge gaps of more than 100 µm.
Discharge currents are suppressed below 300 mA under discharge gaps of 10 µm or less, even intense streamer is confirmed between the micro discharge gaps.
Discharge currents are also controlled by output capacitance of the self-made circuit.
( 2 ) Generation of ozone has a certain peak with each discharge gap and is tend to be higher with smaller discharge gaps at the same level of discharge voltages.
( 3 ) Removal of NO is obtained with micro discharges. Carbon dioxide, carbon monoxide and nitrous oxide are also confirmed as byproducts with FTIR gas analysis.
